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7\SLFDOO\VXUJHRQVXVHHPSLULFDOPHWKRGVEDVHGRQSDOSDWLRQDQGSDWLHQWVHQVDWLRQWRGHWHUPLQHZKHQWRORDGWKH
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@LVFRPPRQO\DGRSWHGIRUERQH
DVVHVVPHQW $OWHUQDWLYHO\ FRPSXWHU WRPRJUDSK\ &7 PDJQHWLF UHVRQDQFH LPDJLQJ DQG ;UD\ PLFURFRPSXWHG
WRPRJUDSK\>@DUHDYLDODEOH%LRPHFKDQLFDO WHFKQLTXHVDUHSRUWDEOH OHVVH[SHQVLYHDQGKDUPOHVV7KHPRVW
FRPPRQV\VWHPVDUHWKH3HULRWHVWDQGWKH2VVWHOO7KH3HULRWHVWFRQVLVWVRIDSHUFXVVLRQURGWKDWLPSDFWVWKHWHVW
VXUIDFHWLPHVGXULQJDVHFRQGLQWHUYDO>@7KHLPSDFWGHFHOHUDWHVWKHURGDQGWKLVGHFHOHUDWLRQLVPHDVXUHG
E\DQDFFHOHURPHWHULQVWDOOHGLQWKHURG7KHGHFHOHUDWLRQLVFRQYHUWHGLQWRD3HULRWHVW9DOXH3797KH2VVWHOOZDV
LQWURGXFHGE\0HUHGLWK >@DQG LVEDVHGRQ WKH UHVRQDQFH IUHTXHQF\DQDO\VLV 5)$$Q/VKDSHG WUDQVGXFHU LV
VFUHZHGRQWR WKH LPSODQWRU LWVDEXWPHQWDQG LW LVH[FLWHGE\DVLQHZDYHYDU\LQJ LQIUHTXHQF\IURP WRN+]
>@7KHLQGLFDWRURIVWDELOLW\LVWKHUHVRQDQFHIUHTXHQF\RIWKHLPSODQWDQGLQSDUWLFXODUWKHKLJKHUWKHUHVRQDQFH
IUHTXHQF\ WKHPRUH VWDEOH LV WKH LPSODQW7KHPHDVXUH RI WKH ILUVW UHVRQDQFH SHDN LV FRQYHUWHG LQWR WKH LPSODQW
VWDELOLW\TXRWLHQW,64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3=7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PRQLWRUHG:KHQVXEMHFWHGWRDQHOHFWULFILHOG WKHWUDQVGXFHULQGXFHVORZWRKLJKIUHTXHQF\VWUXFWXUDOH[FLWDWLRQV
ZKLFK LQ WXUQDIIHFW WKH WUDQVGXFHU¶VHOHFWULFDODGPLWWDQFH$VWKHVWUXFWXUDOYLEUDWLRQVGHSHQGRQWKHPHFKDQLFDO
LPSHGDQFHRIWKHKRVWVWUXFWXUHWKHPHDVXUHPHQWRIWKH3=7¶VDGPLWWDQFHFDQLQIHUWKHKHDOWKRIWKHKRVWHOHPHQW
,Q WKH VWXG\ SUHVHQWHG LQ WKLV DUWLFOH ZH FRQGXFWHG D QXPHULFDO DQDO\VLV RI WKH ELRPHFKDQLFDO RVVHRLQWHJUDWLRQ
SURFHVVPRQLWRUHGZLWK WKH(0,$FRXSOHG ILHOG DQDO\VLV &)$RI WKH(0, WHFKQLTXHZDVSHUIRUPHGXVLQJ WKH
FRPPHUFLDOILQLWHHOHPHQWVRIWZDUH$16<6$3'/
)(0LQGHQWLVWU\
%RQH UHPRGHOLQJ LV D OLIHORQJ SKHQRPHQRQ LQZKLFKPDWXUH ERQH WLVVXH LV UHPRYHG IURP WKH VNHOHWRQ ERQH
UHVRUSWLRQ DQGQHZERQH LV IRUPHG RVVLILFDWLRQ >@ ,W LV NQRZQ WKDW WKHPDLQ FKDOOHQJHV LQ WKH VLPXODWLRQRI
GHQWDOLPSODQWVLVWKHPRGHOLQJRIWKHOLYLQJKXPDQERQHWLVVXHDQGLWVUHVSRQVHWRDSSOLHGIRUFHV>@,QOLWHUDWXUHD
XQLYHUVDOO\DFFHSWHGPRGHOGRHVQRW H[LVW DQGPDQ\ WKHRULHVKDYHEHHQSURSRVHG WRGHVFULEH WKHERQHDGDSWDWLRQ
SURFHVV
7KH )($ RI WKH LPSODQWERQH G\QDPLF LQWHUDFWLRQ W\SLFDOO\ LQYHVWLJDWHV WKH IDFWRUV WKDW DIIHFW WKH YLEUDWLRQ
FKDUDFWHULVWLFVRIDQLPSODQW>@7KHVHFKDUDFWHULVWLFVDUHDWWKHIRXQGDWLRQRIWKH2VVWHOOV\VWHP3HUH]HWDO
>@ SURSRVHG D VSHFLILF LQWHUIDFH PRGHO WR VLPXODWH WKH DGKHVLRQ EHWZHHQ WKH LPSODQW DQG WKH ERQH ZKHUH WKH
FRQVWLWXWLYH ODZV ZHUH H[SUHVVHG LQ WHUPV RI WUDFWLRQV DQG GLVSODFHPHQW GLVFRQWLQXLWLHV 'HWDLOHG WKHRUHWLFDO
IRUPXODWLRQ QXPHULFDO LPSOHPHQWDWLRQ DQG H[SHULPHQWDO YDOLGDWLRQ RI WKH DIRUHPHQWLRQHG LQWHUIDFH PRGHOV DUH
JLYHQE\6SDGD HW DO >@ DQG5L]]R HW DO >@:DQJ HW DO >@ SHUIRUPHG DPRGDO DQDO\VLV RI DQ LPSODQW
LQWHUIDFHERQHV\VWHPZKHUHDPPWKLFNLQWHUIDFHWLVVXHZDVFRQVLGHUHGPXFKVRIWHU<RXQJ¶VPRGXOXVUDQJLQJ
IURP03DWR03DWKDQWKHVXUURXQGLQJERQH<RXQJ¶VPRGXOXVUDQJLQJIURP03DWR03D
0RGHOLPSOHPHQWDWLRQ
:HDQDO\]HGWZRV\VWHPVQDPHO\D3=7SDWFKDEXWPHQWLPSODQWDQGDQDVVHPEO\PDGHRI3=7SDWFKDEXWPHQW
LPSODQWLQWHUIDFHERQH +HUHDIWHU WKH\ DUH LQGLFDWHG DV WKH VXSHUVWUXFWXUH DQG VXSHUVWUXFWXUHLQWHUIDFHERQH
UHVSHFWLYHO\:HPRGHOHGWKH1REHO5HSODFH7DSHUHG*URRY\ࢥîPPLPSODQWDQGWKHSHUPDQHQWSURVWKHWLF
DEXWPHQWE\1REHO%LRFDUHEHFDXVHWKH\ZHUHXVHGUHFHQWO\>@)LJXUHDVKRZVWKHVXSHUVWUXFWXUHPRGHOEXLOW
XVLQJ $XWR&$' DQGPHVKHG XVLQJ $16<6 7KH 3=7 SDWFK ZDV FRQVLGHUHG ERQGHG WR WKH RXWHU VXUIDFH RI WKH
DEXWPHQW7KHLVRPHWULFYLHZRIWKHZKROHV\VWHPLVVKRZQLQ)LJE
7KHFKRLFHRIFRQVLGHULQJWKHFRQWLQXXPDVDILQLWHVL]HEORFNVLPSOLILHGWKHFRPSXWDWLRQDOHIIRUWVDQGIROORZV
WKHDSSURDFKDGRSWHGLQVRPH)(0VWXGLHVDSSOLHGWRGHQWLVWU\>@6LPLODUO\WR:DQJHWDO>@ZHDVVXPHG
WKHH[LVWHQFHRIDQLQWHUIDFHWLVVXHDURXQGWKHLPSODQWWRVLPXODWHWKHYROXPHZKHUHERQHUHPRGHOLQJRFFXUV
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7KHVL]HRI WKHWLVVXHZDVDVVXPHGWREHPP7KHPHVKRI WKHVXSHUVWUXFWXUHFRQVLVWHGRIQRGHVDQG
HOHPHQWVZKHUHDV WKHPHVKRI WKH VXSHUVWUXFWXUHLQWHUIDFHERQHPRGHO FRQVLVWHGRIQRGHVDQG
HOHPHQWV7DEOHVXPPDUL]HVWKHPHFKDQLFDOSURSHUWLHVRIHYHU\FRPSRQHQW
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)LJ1XPHULFDOVHWXSDLVRPHWULFYLHZRIWKHPHVKHGVXSHUVWUXFWXUHPRGHOE,VRPHWULFYLHZRIWKHPHVKHGVXSHUVWUXFWXUHLQWHUIDFHERQH
PRGHO7KHVXSHUVWUXFWXUHLVLQWHUORFNHGLQWRWKHERQHE\PHDQVRIDPPLQWHUIDFHOD\HUZKLFKUHSUHVHQWVWKHKHDOLQJWLVVXH7KHQRGH
WHWUDKHGUDOFRXSOHGILHOG6ROLGHOHPHQWDQGWKHQRGHWHWUDKHGUDOVWUXFWXUDO6ROLGZHUHXVHGWRPRGHOWKH3=7SDWFKDQGWKHKRVW
VWUXFWXUHUHVSHFWLYHO\
7KH ERQH DQG WKH WLVVXH ZHUH FRQVLGHUHG KRPRJHQHRXV DQG LVRWURSLF 7KH QRGH WHWUDKHGUDO FRXSOHGILHOG
6ROLGHOHPHQWDQGWKHQRGHWHWUDKHGUDOVWUXFWXUDO6ROLGZHUHXVHGWRPRGHO WKH3=7SDWFKDQGWKHKRVW
VWUXFWXUHUHVSHFWLYHO\2ZLQJWRWKHJHRPHWULFV\PPHWU\ERWKRIWKHVXSHUVWUXFWXUHDQGWKHVXSHUVWUXFWXUHLQWHUIDFH
ERQHRQO\KDOIV\VWHPZDVEXLOW
+DUPRQLF DQDO\VLV ZDV SHUIRUPHG LQ WKH UDQJH  N+] IRU WKH VXSHUVWUXFWXUH DQG  N+] IRU WKH
VXSHUVWUXFWXUHLQWHUIDFHERQH7KH VHOHFWLRQ RI WKHVH LQWHUYDOV UHSUHVHQWHG D JRRG WUDGHRII EHWZHHQ FRPSXWDWLRQDO
HIIRUWVDQGDFFXUDF\RIUHVXOWV)RUERWKFDVHVWKHIUHTXHQF\UHVROXWLRQZDVN+]
,Q RUGHU WR LQYHVWLJDWH WKH HIIHFWV RI WKH LQWHUIDFLDO WLVVXH RQ WKH HOHFWURPHFKDQLFDO VLJQDWXUH RI WKH 3=7ZH
YDULHGWKHVWLIIQHVVRIWKHWLVVXHIURP03DQDPHO\WR03DQDPHO\IXOO\RVVHRLQWHJUDWHGZLWK
LQFUHPHQWV RI 7KH VXSHUVWUXFWXUH V\VWHP UHSUHVHQWV WKH H[WUHPH FDVH RI WRWDO ODFN RI DGKHVLRQ EHWZHHQ WKH
LPSODQWDQGWKHVXUURXQGLQJWLVVXH7KXVWKHPRGHOZDVFRQVLGHUHGXQERXQGHG&RQWUDULO\WKHERXQGDU\FRQGLWLRQV
RIWKHVXSHUVWUXFWXUHLQWHUIDFHERQHPRGHOVLPXODWHGDSRUWLRQRIMDZERQHIUHHDORQJWKHSODQHDQGIL[HGDORQJ
WKHDQGSODQHV7KLVDVVXPHGWKDWWKHGLUHFWLRQZDVPHVLDOGLVWDOGLUHFWLRQDORQJZKLFKWKHERQHFDQQRW
YLEUDWHDQGWKHUHIRUHZHIL[HGWKHPHVLDOGLVWDOVLGHVSODQHVRIWKHERQHDWDOOQRGHV:HDOVRIL[HGWKHDSLFDO
VLGHSODQHRIWKHERQHDVWKHPRGHOZDVFRQVLGHUHGDVHFWLRQRIWKHMDZERQH
)LJXUHVKRZVWKHFRQGXFWDQFHDVDIXQFWLRQRIWKHH[FLWDWLRQIUHTXHQF\UHODWLYHWRWKHIUHHVXSHUVWUXFWXUH7R
HDVHWKHUHDGDELOLW\RIWKHUHVXOWVWKH\DUHIUDJPHQWHGLQWKHWKUHHIUHTXHQF\UDQJHVN+])LJD
N+])LJEDQG±N+])LJFDQGWKHYHUWLFDOVFDOHVZHUHGRZQVFDOHVDGHTXDWHO\7KHPDLQSHDN
DWN+]LVFDXVHGE\WKHUHVRQDQFHRIWKHWUDQVGXFHU)LJDVKRZVRWKHUSHDNVWKDWDUHUHODWHGWRWKHPRGHV
RI YLEUDWLRQ RI WKH VXSHUVWUXFWXUH ,Q SDUWLFXODU WKHUH DUH FOHDU VWUXFWXUDO SHDNV DW  N+] DQG VPDOOHU SHDNV
EHWZHHQN+]DQGN+]7KHJUDSKVUHODWLYHWR WKHVPDOOHUIUHTXHQFLHVSUHVHQWVSHDNVWKDWDUHDW OHDVW WZR
RUGHUV RIPDJQLWXGH VPDOOHU1RQHWKHOHVV WKH SUHVHQFH RI WKHVH SHDNV SURYHV WKDW WKH LPSODQW DQG WKH DEXWPHQW
DIIHFWWKHHOHFWURPHFKDQLFDOUHVSRQVHRIWKH3=7SDWFK

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)LJ$QDO\VLVRIWKHIUHHVXSHUVWUXFWXUHD&RQGXFWDQFHDVDIXQFWLRQRIWKHDFWXDWLRQIUHTXHQF\&ORVHXSYLHZVRIWKHIUHTXHQF\UDQJHE
N+]DQGFN+]
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7R HYDOXDWH WKH HIIHFW RI WKH LQWHUIDFLDO WLVVXH VWLIIQHVV RQ WKH HOHFWURPHFKDQLFDO UHVSRQVH RI WKH 3=7 SDWFK WKH
VXSHUVWUXFWXUHLQWHUIDFHERQHV\VWHPZDVDQDO\]HG7KHUHVXOWVDUHVKRZHGLQ)LJ7KHFRQGXFWDQFHDVDIXQFWLRQ
RI WKH H[FLWDWLRQ IUHTXHQF\ UHODWLYH WR WKH  DQG  OHYHOV RI RVVHRLQWHJUDWLRQ LV SUHVHQWHG LQ )LJ D
&RPSDUHGWRWKHFRQGXFWDQFHVLJQDWXUHRIWKHXQERXQGHGVXSHUVWUXFWXUH)LJWKHSUHVHQFHRIWKHWLVVXHDQGWKH
ERQH LQIOXHQFHV WKH(0, UHVSRQVH LQ WHUPVRI SHDNV DQG DPSOLWXGH2YHUDOO )LJ D GRHVQRW VKRZDQ\GUDVWLF
FKDQJHDVVRFLDWHGZLWKWKHOHYHORIRVVHRLQWHJUDWLRQ)LJESUHVHQWVDFORVHXSYLHZRIWKHFRQGXFWDQFHVLJQDWXUH
DFURVV WKHIUHTXHQF\UDQJH±N+])RUFRQYHQLHQFHWKHYHUWLFDOVFDOH LVIROGVPDOOHU$IHZVWUXFWXUDO
SHDNVDUHFOHDUO\GHSHQGHQWRQWKHLQWHUIDFH¶V<RXQJ¶VPRGXOXV7KHGDWDSUHVHQWHGLQ)LJDFDQEHUHSRUWHGLQ
WHUPVRI DPSOLWXGH DQG IUHTXHQF\SHDN DV D IXQFWLRQRI WKHRVVHRLQWHJUDWLRQGHJUHH)LJ F VKRZV DQ H[DPSOH
DVVRFLDWHGZLWKWKHVWUXFWXUDOSHDNIRXQGDWN+])LJFGHPRQVWUDWHVWKDWWKHDPSOLWXGHRIWKHFRQGXFWDQFH
GHFUHDVHVRIDERXWZKHQIXOO\RVVHRLQWHJUDWLRQLVDFKLHYHG7KLVGHVSLWHWKHIDFWWKDWWKHYROXPHRIWKHLQWHUIDFH
LVDERXWRIWKHYROXPHRIWKHV\VWHPEHLQJDQDO\]HG
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







)LJ0RGHOLQJWLVVXHKHDOLQJD&RQGXFWDQFHDVDIXQFWLRQRIWKHDFWXDWLRQIUHTXHQF\IRUWKHWZRH[WUHPHOHYHOVRIRVVHRLQWHJUDWLRQE
&RQGXFWDQFHDVDIXQFWLRQRIWKHDFWXDWLRQIUHTXHQF\IRUWKUHHOHYHOVRIRVVHRLQWHJUDWLRQF$PSOLWXGHRIWKHN+]SHDNDVDIXQFWLRQRI
WKHGHJUHHRIRVVHRLQWHJUDWLRQ
&RQFOXVLRQV
,Q WKLV SDSHU WKH HOHFWURPHFKDQLFDO LPSHGDQFH (0, WHFKQLTXH LV SURSRVHG WRPRQLWRU WKH VWDELOLW\ RI GHQWDO
LPSODQWVDIWHUVXUJLFDOSODFHPHQW7KHFOLQLFDODSSURDFKK\SRWKHVL]HVWKDWDSLH]RHOHFWULF3=7WUDQVGXFHUERQGHG
WRWKHDEXWPHQWVFUHZHGWRWKHLPSODQWWREHPRQLWRUHGFDQDVVHVVWKHGHJUHHRIKHDOLQJRIWKHSHULLPSODQWWLVVXHLQ
WKHZHHNVVXEVHTXHQW WR WKHVXUJHU\ ,Q IDFWZKHQVXEMHFWHG WRDQHOHFWULF ILHOG WKH WUDQVGXFHU LQGXFHVVWUXFWXUDO
H[FLWDWLRQVZKLFK LQ WXUQDIIHFW WKH WUDQVGXFHU¶VHOHFWULFDODGPLWWDQFH$V WKH VWUXFWXUDOYLEUDWLRQVGHSHQGRQ WKH
PHFKDQLFDOLQWHUORFNEHWZHHQWKHLPSODQWDQGWKHVXUURXQGLQJERQHWKHPHDVXUHPHQWRIWKH3=7SDWFK¶VDGPLWWDQFH
FDQEHH[SORLWHGWRGLDJQRVHWKHLPSODQWWKHUDS\
,QWKHVWXG\SUHVHQWHGLQWKLVSDSHUZHFUHDWHGD'ILQLWHHOHPHQWPRGHORID3=7SDWFKERQGHGWRWKHDEXWPHQWRI
DGHQWDOLPSODQWSODFHGLQWKHKRVWERQHVLWHZDVFUHDWHGWRVLPXODWHWKHSURJUHVVRIWKHWLVVXHKHDOLQJG\QDPLFVWKDW
RFFXUVDIWHUDQLPSODQWLVVXUJLFDOLQVHUWHG7KHKHDOLQJZDVPRGHOHGE\FKDQJLQJWKH<RXQJ¶VPRGXOXVRIDPP
ERQHLPSODQWLQWHUIDFH$FRXSOHGILHOGDQDO\VLVZDVDGRSWHGXVLQJWKHILQLWHHOHPHQWFRGH$16<6$3'/7KH
UHVXOWVVKRZWKDWDVWKH<RXQJ¶VPRGXOXVRIWKHLQWHUIDFHLQFUHDVHVLHWKHPHFKDQLFDOLQWHUORFNRILPSODQWZLWKLQ
ERQHLVDFKLHYHGWKHFKDUDFWHULVWLFVRIWKHHOHFWURPHFKDQLFDOVLJQDWXUHRIWKH3=7SDWFKFKDQJHV7KHFKDUDFWHULVWLFV
FRQVLGHUHGLQWKLVVWXG\LQFOXGHGWKHDPSOLWXGHDQGWKHIUHTXHQF\RIVRPHUHOHYDQWVWUXFWXUDOSHDNVDVZHOODVWKH
FRQGXFWDQFHVORSH7KLVVWXG\FRQILUPVPRVWRIWKHH[SHULPHQWDOHYLGHQFHVUHSRUWHGE\WKHDXWKRUV
$FNQRZOHGJHPHQWV
7KHILUVWDXWKRUFRQGXFWHGWKLVUHVHDUFKDVDYLVLWLQJVFKRODUDW WKH8QLYHUVLW\RI3LWWVEXUJK¶VVXSSRUWHGE\WKH
VFKRODUVKLS ³%RUVH GL VWXGLR ILQDOL]]DWH DOOD ULFHUFD H$VVHJQL ILQDQ]LDWL GD 3URJUDPPL&RPXQLWDUL´ SURYLGHG E\
8QLYHUVLWjGHJOL6WXGLGL3DOHUPR
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